La-doped SrSnO 3 (LSSO) is known as one of deep-ultraviolet (DUV)-transparent conducting oxides with an energy bandgap of ~4.6 eV. Since LSSO can be grown heteroepitaxially on more wide bandgap substrates such as MgO (E g ~7.8 eV), LSSO is considered to be a good candidate as a DUV-transparent electrode. However, the electrical conductivity of LSSO films are below 1000 S cm −1 , most likely due to the low solubility of La ion in the LSSO lattice. Here we report that high electrically conducting (>3000 S cm −1 ) LSSO thin films with an energy bandgap of ~4.6 eV can be fabricated by pulsed laser deposition on MgO substrate followed by a simple annealing in vacuum.
, and KTaO 3 9 . Further, the electrical conductivity of LSSO films (~1000 S cm −1 ) 10 is larger than well-known DUV transparent oxide semiconductors such as β-Ga 2 O 3 (E g ~4.9 eV, ~1 S cm −1 ) 11, 12 , α-Ga 2 O 3 (E g ~5.3 eV, ~0.3 S cm −1 ) 13 , electron-doped calcium aluminate (C12A7:e − , ~4 eV, ~800 S cm −1 ) [14] [15] [16] , and recently developed Al:Mg 0.43 Zn 0.57 O (E g ~4.2 eV, ~400 S cm −1 ) 17 . However, the electrical conductivity of LSSO films is still lower than that of commercially available transparent conducting oxide ITO (~7000 S cm −1 ).
The crystal structure of SrSnO 3 is regarded to pseudo-double-cubic perovskite (a = 0.8068 nm) 18 though the real lattice is orthorhombic 19 . Several researchers fabricated the epitaxial films of LSSO by using vapor phase epitaxy method such as pulsed laser deposition (PLD) [8] [9] [10] and molecular beam epitaxy (MBE) 20 . However, due to difficulties in growing high-quality 3 LSSO films, their electron transport properties have not been extensively studied compared to the optical properties and electronic structures. Baba et al. 10 temperature and oxygen pressure inside the chamber were kept at 790 °C and 20 Pa, respectively. Note that conducting LSSO film was not obtained when the oxygen pressure was lower than 20 Pa, indicating that oxygen vacancies do not play as the electron donor, similar to La-doped BaSnO 3 22 . After the film growth, we turned off the substrate heater immediately and cooled the sample down to room temperature. The crystalline phase, orientation, lattice parameters, and thickness of the films were analyzed by high resolution X-ray diffraction (Cu Kα 1 , ATX-G, Rigaku Co.). Out-of-plane Bragg diffraction patterns and the rocking curves were measured at room temperature. X-ray reflection patterns were measured to evaluate the density and the thickness. Atomic force microscopy (AFM, Nanocute, Hitachi Hi-Tech Sci. Co.) was used to observe the surface microstructure of the films.
In order to clarify the change of the lateral grain size, we measured X-ray reciprocal space In order to increase the lateral grain size, we annealed the LSSO films at 790 °C in vacuum (<10 −2 Pa) for 30 min and cooled down to room temperature. After the vacuum annealing, the 204 diffraction spot intensity increased as shown in Fig. 1(b) , and the lateral grain size was dramatically increased up to 28 nm. Similar increase of the diffraction spot intensity was observed in all cases (x = 0.005, 0.02 and 0.05) as shown in Supplementary Figs. S1(a)−S1(h). Using the 204 diffraction spots, we determined the average lattice parameters, (a 2 ·c) 1/3 of the LSSO films before and after annealing [ Fig. 1(c) ]. The annealed films showed more relaxation, which is likely attributed to the grain growth and the improvements in the solubility of La ion. Note that we optimized the annealing condition by annealing under several atmosphere including air, 1 Pa oxygen, and vacuum (<10 −2 Pa) (data not shown).
Significant grain growth was observed when the LSSO film was annealed in vacuum. This is consistent with the fact that the accelerated dislocation movement occurs due to oxygen vacancy-assisted recovery in ionic crystals 23 . Therefore, we fixed the annealing atmosphere as vacuum. According to previous studies on stannate films, extra charge carriers from oxygen vacancies are compensated by the formation of charge accepting A-site vacancies. 24, 25 Therefore, any carrier concentration changes that may result from the vacuum annealing are likely attributed to the activation of La dopants.
In order to further confirm the grain growth due to the vacuum annealing, the microstructures of the LSSO films were observed using low-angle annular dark-field scanning transmission electron microscopy (LAADF-STEM). While columnar structures were observed for both the as-deposited [ Fig. 2(a) ] and annealed LSSO films [ Fig. 2(b) Fig. 3(a) ], n [ Fig. 3(b) ], and μ Hall [ Fig. 3(d) ] at room temperature. The largest enhancement was observed in 5% La doped LSSO film. The absolute value of S for LSSO films decreased after annealing [ Fig. 3(c) ]. This is consistent with the fact that carrier concentration increased after annealing. The activation rate of La ion [ Fig. 3(e) ], which was calculated as n·[La] −1 assuming La 3+ ion solely generate carrier electrons, increased after the vacuum annealing. Thus, the increased σ and μ Hall of annealed films are probably attributed to the improved efficiency of the carrier activation from the La dopant and the grain growth. Therefore, carrier electrons are more efficiently provided in the annealed films. The highest σ and μ Hall was observed at annealed 3%-La doped LSSO films, whose activation of La ion and lateral grain size showed largest value.
In this study, the experimental electron effective mass (m * ) value of the LSSO epitaxial films was also clarified by the relationship of thermopower (S) and carrier concentration (n) of resultant films at room temperature [ Fig. 4(a) ]. Since n and S value both are only sensitive to the density of states and Fermi level, we calculated the m * using the following equations. 27
where k B, ξ, r, and F r are the Boltzmann constant, reduced Fermi energy, scattering parameter of relaxation time, and Fermi integral, respectively. We assumed the r value of 0.5 (acoustic phonon scattering) because the temperature dependence of Hall mobility showed that phonon scattering is dominant at room temperature (data not shown). 8
Finally we measured the optical transmission and reflection spectra of the 3% La-doped LSSO film (thickness: 112 nm) grown of double side polished (001) MgO substrate followed by the vacuum annealing at 790 °C (inset of Fig. 5 ). The optical transmission in the deep UV region was kept ~70 % at 300 nm in wavelength and exceeded 25 % at 260 nm in wavelength, which is the absorption peak wavelength of most DNAs. 2 Although SrSnO 3 has an indirect bandgap, 29 we estimated the bandgap by assuming a direct bandgap; (α·h·ν) 2 −photon energy plot was used to estimate the bandgap of the LSSO film (Fig. 5) , where α is the absorption coefficient and ν is speed of light. The bandgap was ~4.6 eV, agreeing well with the reported values [3] [4] [5] . The α at 260 nm in wavelength was calculated to be 8. 
